Abstract -Neospora caninum is an intracellular parasite that causes major economic impact on cattle raising farms, and infects a wide range of warm-blooded hosts worldwide. Innate immune mechanisms that lead to protection against this parasite are still unknown. In order to investigate whether myeloid differentiation factor 88 (MyD88) is required for resistance against N. caninum, genetically deficient mice (MyD88
INTRODUCTION
Neospora caninum is an intracellular parasite that causes major reproductive losses in bovines, due to abortions and stillbirths caused by mid-gestational exposure or recrudescence of latent infections [15, 29] . Some research groups have attempted to estimate the economic impact of neosporosis in cattle and they have suggested that several million dollars are lost per year with miscarriages and veterinary medical assistance [3, 28] . Dogs and coyotes are N. caninum definitive hosts, once oocysts are shed after oral challenge with different parasite-harboring tissues [7, 9, 16] . Canine neosporosis occurs mostly in puppies, which are infected in utero after recrudescence of a maternal latent infection, and its main clinical features are neuromuscular disorders [6, 17] . Also, there are unanswered questions that have been raised as if this parasite is able to infect humans, considering that serological evidence is found in different populations worldwide [14, 21, 27] .
Innate immunity plays an important role in protection and pathogenesis of protozoan infections. In addition to conferring resistance to initial parasite replication, innate immunity activation is essential for the establishment of adaptive Th1 cellular responses, in order to control active infections and consequently overcome re-exposures [4, 19] . Parasite control is mainly based on an early IFN-c production, dependent on lymphocyte priming by antigen presenting cells (APC) and IL-12 [2, 8] . APC, which are crucial for early parasite recognition and control, distinguish pathogens through Toll-like receptors (TLR). Stimulation of TLR induces immediate protective responses through the production of diverse antimicrobial peptides and cytokines [1] . Myeloid differentiation factor 88 (MyD88) is a critical signaling element after microbial recognition by TLR, once it represents a common cytoplasmatic adaptor protein to most of these receptors and it is responsible for pro-inflammatory cytokine synthesis, leading to the elimination of intracellular pathogens [26] . In the last decade, MyD88 was found as crucial for resistance to almost 40 different pathogens in experimental models, including viruses, bacteria, fungi and protozoa [30] .
In this sense, the present work was aimed at determining the requirement of TLR-associated adaptor protein MyD88 in the control of infection by N. caninum. Infection kinetics were analyzed in adaptor protein deficient mice and special emphasis was given to host parasitism, inflammatory cell migration and main Th1 cytokine production. Our results showed that MyD88 is responsible for IL-12 production and consequent early acute IFN-c response, resulting in infection control and host survival.
MATERIALS AND METHODS

Animals
Six-to eight-week old wild type (WT) C57BL/6 background mice, along with animals deficient in adaptor protein MyD88 (MyD88 À/À ), IL-12p40 (IL-12p40 2.2. In vitro N. caninum maintenance N. caninum tachyzoites of the NC-1 isolate were propagated in African green monkey kidney (Vero) cells in RPMI medium supplemented with 2 mM L-glutamine, 100 U penicillin, and 100 lg of streptomycin (Invitrogen, Carlsbad, CA, USA). Parasites were harvested after 80% lysis of host cell monolayer, by mechanical disruption, and used to infect new culture flasks. To prepare the inocula, parasite suspensions were submitted to repeated passages through a syringe and needle, with decreasing gauges, until complete host cell disruption. The next step consisted of a centrifugation at 1 000 · g for 10 min at 4°C, in RPMI medium, and parasite number was adjusted to 1 · 10 6 of viable tachyzoites/ mice, confirmed by Trypan blue staining.
Study design
WT and MyD88
À/À mice were infected through intraperitoneal route and sacrificed at 0, 3, 7, and 10 days post-infection (p.i.). Serum samples and sections of liver, lung and heart were harvested and fixed in phosphate-buffered formaldehyde (10%) and freeze-mounting media (Sakura Finetek, Torrance, CA, USA). Additionally, the peritoneal cavity of each mouse was washed with 1 mL of RPMI medium in order to determine the cell influx phenotype and to measure the levels of local cytokine production. Parasitism was determined in peritoneal exudate cells (PEC) by analyzing the percentage of cells with the presence of parasitophorous vacuoles by light microscopy (Olympus, Tokyo, Japan), after cytospin and Diff-Quick staining. Each group/date contained three WT and MyD88 À/À mice for the abovedescribed experiments. Experimental results were confirmed by independent groups from different sets of experiments. In order to observe mortality rates to 
N. caninum infection, additional groups of WT, MyD88
À/À , IL-12p40 À/À , and IFN-c À/À mice were infected, using the same parasite load, and consisting of six animals/group. MyD88 À/À animals were left untreated or treated with recombinant murine IL12p70 (rIL-12p70 -250 ng/animal for 10 days -BD, USA) and IFN-c (rIFN-c -1 000 U/animal for 10 days -Sigma-Aldrich, St. Louis, MO, USA). Survival experiments with genetically deficient mice were performed at least twice in order to observe reproducibility of the experimental data.
Histological analysis
Liver, lung and heart obtained from uninfected and infected WT and MyD88 À/À mice were embedded in paraffin, sectioned, stained with hematoxylineosin, and examined by light microscopy (Olympus). Quantification of inflammatory cell infiltrates were performed by ImageJ software (NIH, Bethesda, MD, USA), in 40 microscopic fields per histological section (2 sections/mouse/group/date), with 400 times magnification. Two sections from each mouse and three mice per group were used in these experiments. The results are expressed as inflammatory index, determined by a ratio between the mean number of cell nuclei present in infected animals and the mean value obtained from uninfected animals for each period of infection.
Cellular phenotyping and intracellular cytokine production
Differential PEC influx was determined through fluorescent staining, performed with monoclonal antibodies directed to specific cell surface markers and conjugated to fluorescein isothiocyanate (FITC) and Phycoerythrin (PE) (R&D systems, Minneapolis, MN, USA; Ebiosciense, San Diego, CA, USA). Assays to determine the proportion of macrophages (MU -CD11b ) cells were performed following a previous description [5] . Monoclonal antibodies against IL-12p40 and IFN-c conjugated to biotin and streptotavidin-PE-Cy5, were used to detect intracellular cytokine production, together with a commercially available permeabilization kit, which was used according to the manufacturer's instructions (Becton Dickinson, Franklin Lakes, NJ, USA). Cell viability was confirmed by negative staining with Trypan blue, and 200 000 events were acquired per tube/animal/ group/date. Data acquisition was performed using a FACscan flow cytometer (Becton Dickinson). Appropriated isotype-matched rat IgG was used as negative controls. Data analysis was carried out with FlowJo 8.7 software (Tree Star, Ashland, Oregon, USA). Cell counts were obtained by calculation of the percentage obtained for each cell type by flow cytometry analysis from the total number of leukocytes present in the peritoneal cavity of each animal/group/date. Total number of leukocytes was acquired through a Neubauer hemocytometer. Intracellular cytokine production was analyzed by the difference between the mean intensity of fluorescence (MIF) of uninfected and infected mice at 3 days p.i. (DMIF).
Parasite detection in tissue samples
Fluorescent staining of the parasites was performed in slides containing frozen tissue sections, previously standardized through block titration of the reagents and control sera. Slides were probed with polyclonal antibodies against N. caninum (1:100) produced in an experimentally infected calf, which was seronegative to related pathogens, as described previously [7] . Anti-bovine IgG labeled with FITC (Sigma-Aldrich) were used as secondary antibodies, according to the manufacturer's instructions (1:128). The slides were mounted on carbonate-buffered glycerin (pH 9.0) and analyzed under fluorescence microscopy (Olympus). Samples were considered positive when bright stains were observed in the tissues analyzed, indicating parasite clusters. Uninfected controls were assayed in parallel to assure test specificity. Tissue parasite burden was also determined by quantitative real-time PCR (qPCR) as previously described [24] , using primer pairs (sense 3'-GCTGAACACCGTATGTCGTAAA-5'; antisense 3'-AGAGGAATGCCACATAGAAGC -5') designed to detect the N. caninum Nc-5 sequence through the SYBR green system (Invitrogen). DNA extraction was performed from 20 mg of each analyzed tissue using a commercially available kit (Promega Co., Madison, WI, USA), following the manufacturer's instructions. DNA concentration was set by UV spectrophotometry (260 nm) and adjusted to 100 ng/lL with sterile DNAse free water. Assays to determine N. caninum tachyzoite loads were performed through real-time PCR (Applied Biosystems, Foster City, CA, USA) and parasite counts were calculated from a standard curve (10 to 0.0000001 ng) with DNA equivalents extracted from 10 7 NC-1 tachyzoites, which were included in each run.
Cytokine quantification by ELISA
The concentrations of IL-12p40, IFN-c, IL-10 and IL-17 in serum samples and peritoneal exudate were measured by commercial ELISA kit (Becton Dickinson -IL-12p40, IFN-c and IL-10; R&D systems -IL-17). The assays were performed according to the manufacturer's instructions. The reaction was revealed with peroxidase-streptavidin conjugate, followed by the addition of substrate containing hydrogen peroxide and TMB (BioRad, Hercules, CA, USA) as a chromogen. Microplates were read in an ELISA reader (Molecular Devices, Sunnyvale, CA, USA) at 450 nm. Cytokine concentrations were calculated from standard curves of murine recombinant cytokines. The detection limits for each ELISA were the following: IL-12p40, IFN-c and IL-10 = 2 000 to 31.3 pg/mL; IL-17 = 1 000 to 15.625 pg/mL.
Statistical analysis
Two-way ANOVA followed by Bonferroni posttests were applied to compare WT and MyD88 À/À groups in relation to tissue parasitism and inflammation, peritoneal cell parasitism and phenotype of cellular influx, as well as IL-12p40, IFN-c, IL-10 and IL-17 production. Differences in survival rates between groups were compared using Kaplan-Meier survival analysis, through a log-rank Mantel-Cox test. In all measurements, differences were considered significant when p < 0.05. Statistical analysis of the data obtained was carried out using GraphPad Prism software (GraphPad, La Jolla, CA, USA).
RESULTS
MyD88
À/À mice are highly susceptible to acute N. caninum infection Experimental infections with sub-lethal doses of N. caninum tachyzoites induced severe clinical signs in MyD88 À/À mice as huddling, rough coats, reduced motility, apathy and/or uncoordinated movements, evolving to ataxia.
All MyD88
À/À mice were euthanized between 14 and 16 days p.i., and Kaplan-Meyer survival curves presented significant differences (p < 0.05) when deficient mice were compared with WT littermates (Fig. 1A) . WT mice presented only slight clinical alterations at the initial stage of infection, while most MyD88 À/À mice presented ascites at the time of death, as well as macroscopic lesions in the liver, lungs and heart. Microscopically, a higher percentage of infected cells (p < 0.05) were observed in the peritoneal fluid of MyD88 À/À compared to WT mice, during the whole experimental period (Fig. 1B) . qPCR demonstrated that livers and hearts from deficient animals presented significantly higher parasite DNA at 10 days p.i. (p < 0.05) (Fig. 1C) . Livers from MyD88 À/À mice presented over 100 times more detectable DNA than those extracted from WT animals. Parasite-specific fluorescent staining demonstrated that the observed tissues presented significant differences in parasite burden throughout the experimental time, confirming that MyD88
À/À mice were unable to control parasite replication (Fig. 1D) . WT mice reduced parasite loads significantly by 10 days p.i. Also, the liver was the tissue that harbored the highest parasite replication in MyD88 À/À mice (Fig. 1E ).
MyD88-independent inflammatory cell migration to parasitized tissues
Microscopic analysis of target tissues showed that inflammatory cells migrated to the tissues of both groups of mice, indicating that MyD88 is not required for cellular recruitment to N. caninum infected organs. Interestingly, cell counts presented comparable increases in liver, lungs and heart of WT and MyD88 À/À mice until 7 days p.i. (Fig. 2A) . At day 10 p.i., MyD88 À/À mice presented significantly higher inflammatory influx, in a similar pattern as that observed for parasite burden (Fig. 1D) . The most pronounced differences in inflammatory infiltrate size were observed in the livers and lungs of WT and MyD88 À/À mice. Both mice groups presented similar increasing cell influx to hepatic and pulmonary tissues until 7 days p.i. However, while WT mice maintained similar cell counts at 10 days p.i., MyD88 À/À mice presented a sharp increase in inflammatory cell infiltrate (p < 0.05), reaching nearly a 50% raise in cell numbers of both tissues, when compared to uninfected controls (Fig. 2B) . To understand the mechanism that leads to parasite clearance and host survival, we next determined the production of IL-12, IFN-c, IL-10, and IL-17 in the infected mice (Fig. 3) . We found that IL-12p40 levels increased sharply in peritoneal exsudate of WT mice, with peak levels at 3 days p.i., and basal levels of this cytokine were found in samples from MyD88 À/À mice. Systemic production of IL-12p40 also À/À mice detected by parasite-specific immunofluorescent staining. (E) Representative images of tissues obtained from the different mice groups at 10 days p.i. after specific immunostaining for N. caninum (n = 3 mice/group). Histological images are representative of 10 days p.i. and magnification scale is set to 5 lm (200·). * Indicates significant statistical differences (mean ± SEM, p < 0.05).
remained unaltered in MyD88
À/À mice in response to N. caninum infection, while WT mice presented increasing serum cytokine levels (p < 0.05) throughout the experimental period. WT mice presented increasing IFN-c production until 7 days p.i. with N. caninum in the peritoneal cavity and serum, which decreased to low or undetectable levels at 10 days p.i.
MyD88
À/À mice also presented a similar IFN-c peak at 7 days p.i., followed by a sharp decrease in cytokine production. However, IFN-c response to tachyzoite infection in MyD88 À/À mice was delayed in comparison to WT littermates. ELISA detection of IL-10 demonstrated that MyD88 À/À mice produced significantly higher quantities of this cytokine at 7 and 10 days p.i. (p < 0.05), leading to a low IFN-c:IL-10 ratio when compared to WT mice. IL-17 production was not detected in peritoneal exudate and serum samples obtained from WT and MyD88 À/À mice throughout the experimental period. (Fig. 4A) . Intracellular cytokine staining demonstrated that DC and, in a minor scale, MU, were responsible to peak IL-12p40 production present in the peritoneal cavity of WT mice at 3 days p.i., as determined by ELISA. Both DC and MU obtained from MyD88 À/À mice did not present distinct intracellular cytokine profiles between uninfected and mice at 3 days p.i. with N. caninum (Fig. 4B) . Accordingly, we also observed that IFN-c + cells (Fig. 5A ) migrated to the peritoneal cavity of infected mice despite MyD88 depletion, differently from WT littermates (Fig. 5A ). Significantly higher cell migration (p < 0.05) was observed for NKT, TCD4 + and TCD8 + lymphocytes, especially at 3 and 7 days p.i. in MyD88 À/À mice. Intracellular staining showed that the early acute IFN-c response by PEC was dependent on the production of NKT, TCD4 + , and TCD8 + cells in WT animals, while the production of this key cytokine was completely abrogated in cells from MyD88 À/À mice (Fig. 5B) .
Treatment of MyD88 À/À mice with IL-12 and IFN-c confers resistance to acute infection
To establish the importance of MyD88-dependent IL-12 and IFN-c production to control N. caninum acute infection, survival curves of IFN-c À/À , IL-12p40 À/À , and MyD88 À/À mice treated or untreated with recombinant IFN-c and IL-12p70 were determined. Interestingly, MyD88
À/À mice treated with rIL-12p70 survived throughout the experimental infection, differently than untreated deficient mice (p = 0.0021, Fig. 6A ). Furthermore, IL-12p40 À/À mice presented similar survival kinetics to MyD88 À/À mice (p = 0.4454). Comparatively, IFN-c À/À mice demonstrated to be more susceptible to acute infection by N. caninum than MyD88 and IL-12p40 deficient mice (p = 0.0001), once all animals were euthanized until 11 days p.i. (Fig. 6B) . Replenishment of MyD88 À/À mice with rIFN-c induced resistance À/À and after 3 days p.i. The results show one representative animal of a total from three of each group/date. * Indicates significant statistical differences (mean ± SEM, p < 0.05). through acute N. caninum infection in the same manner as IL-12p70 treatment.
DISCUSSION
The major aim of the present work was to observe survival, parasite control, cellular migration and cytokine responses of WT and MyD88 À/À mice after N. caninum acute infection. Although mice are naturally resistant to N. caninum [23] , they were not able to overcome parasite exposure in the absence of MyD88.
Such a phenomenon was also observed by the depletion of other crucial immune components, since IL-12 and IFN-c, cytokines that combined lead to infection control. Experiments herein conducted demonstrated that MyD88 is required for IL-12 synthesis by DC, which induce an early acute IFN-c production. Sequentially, effector Th1 responses mediated by an elevated IFNc:IL-10 ratio confers control of parasite replication and consequent host survival. To our knowledge, this is the first report that demonstrates the mechanisms that underlie the production of these key cytokines during N. caninum infection.
Comparatively, related protozoan T. gondii is recognized by MyD88-dependent TLR2, TLR9, and TLR11 [18, 20, 31] . In [24] , MyD88 À/À mice were unable to control parasite replication and succumbed to T. gondii after infection with low numbers of tachyzoites similarly to the results shown here. The pro-inflammatory environment required for host resistance to intracellular pathogens is manly generated by pathogen recognition by APC, which release chemical mediators that activate and direct effector cell phenotypes. IL-12 is a key cytokine involved in NK activation and commitment of naïve CD4 + lymphocytes to the Th1 subset. Mice treated with anti-IL-12 monoclonal antibodies presented higher morbidity/mortality to N. caninum acute infection, demonstrating the key role of this cytokine in host protection, similarly to the results presented here [11] . Our results clearly demonstrated that the lack of IL-12 production in MyD88 À/À mice after N. caninum infection reinforces the vital role of this cytokine, which has its production triggered by pathogen innate recognition, and inducing posterior protective immune responses. Thus, these results are in agreement to additional observations showing similar survival kinetics between IL-12 and MyD88 deficient mice.
Seemingly, IFN-c has a pivotal role in host resistance to N. caninum, inducing effector mechanisms like apoptosis of infected cells and NO production, as reviewed elsewhere [10] . Likewise, IFN-c was shown to be more relevant for the protection of N. caninum infection than MyD88 and IL-12, once IFN-c À/À mice succumbed to acute infection earlier than the other genetically deficient mice analyzed. IL-12 stimu- lus after N. caninum infection triggers effector IFN-c production and consequent infection control as shown previously [11, 22] . In addition to the higher relevance of IFN-c in N. caninum infection, induction of this key cytokine seems to present MyD88-independent pathways, once MyD88 À/À mice were able to produce late IFN-c responses together with high levels of IL-10, in compliance with data recently published for T. gondii [25] . Additionally, it is also important to highlight that, although IL-12p40 may also indicate IL-23 activity, treatment with the IL-12 active subunit (p70) conferred protective immunity to MyD88 À/À mice, suggesting that Th17 responses were not involved in the mechanisms proposed here for N. caninum infection in mice. Accordingly, IL-17 was not detected in serum samples or peritoneal wash of WT and MyD88 deficient mice during the experimental observation.
The absence of IL-12 production leading to the absence of early IFN-c response was not a consequence of impaired migration of producer cells to the site of infection, since a high influx of different cell lines with potential to produce both key cytokines was observed in the peritoneal cavity of MyD88 À/À mice. Moreover, inflammatory migration to parasitized tissues was clearly MyD88-independent, once cell infiltrate in deficient mice was higher than in WT littermates at 10 days p.i. This enhanced cell migration might have occurred in response to higher parasite burden observed in MyD88 À/À mice. Conversely, WT mice possessed active cytokine-producing DC and lymphocytes at early acute infection, while MyD88-deficient cell lines were anergic to parasite stimuli. Corroborating with the results obtained in the present study, T. gondii induces a MyD88-independent, vigorous and long-lasting chemokine response in infected MU dependent on phosphoinositide 3-kinase signaling pathways [12] , in contrast to pro-inflammatory cytokine production, which presents major participation of MyD88 after T. gondii infection [13, 18] .
In conclusion, we have shown that DC are the main producers of MyD88-dependent IL-12 during N. caninum infection in mice and, in the absence of the TLR adaptor protein, effector lymphocytes are not primed to produce early IFN-c that is crucial to control infection. It is now necessary to establish which MyD88-associated TLR are relevant in Th1 activation after infection by this parasite. Moreover, the mechanisms that underlie TLR recognition of N. caninum leading to the induction of an effector immune response against the parasite are yet to be determined. We believe that further knowledge on N. caninum specific TLR agonists and their mechanisms of action may lead to prophylactic and therapeutic strategies against neosporosis.
